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ABSTRACT

We analyzed ground- and space-based observations of the eruptive flare (3B/X6.5) and associatcd Morcton wave
(~850 km s~'; ~270° azimuthal span) of 2006 December 6 to determine the wave driver—either flare pressure
pulse (blast) or eoronal mass ejeetion (CME). Kinematie analysis favors a CME driver of the wave, despite key gaps
in eoronal data. The CME scenario has a less constrained/smoother velocity versus time profile than is the ease for
the flare hypothesis and requires an aceeleration rate more in aceord with observations. The CME pieture is based,
in part, on the assumption that a strong and impulsive magnetie field ehange observed by a GONG magnetograph
during the rapid rise phase of the flare eorresponds to the main aeeeleration phase of the CME. The Moreton wave
evolution traeks the inferred eruption of an extended coronal areade, overlying a region of weak magnetie field to
the west of the prineipal flare in NOAA aetive region 10930. Observations of Ha foot point brightenings, disturbanee
contours in off-band Ha images, and He1 10830 A flare ribbons trace the eruption from 18:42 to 18:44 UT as
it progressed southwest along the arcade. Hinode EIS observations show strong blueshifts at foot points of this
areade during the post-eruption phase, indicating mass outflow. At 18:45 UT, the Moreton wave exhibited two
separate ares (one off each flank of the tip of the arcade) that merged and eoalesced by 18:47 UT to form a
single smooth wave front, having its maximum amplitude in the southwest direetion. We suggest that the erupting
arcade (i.e., CME) expandcd laterally to drive a coronal shock responsible for the Morcton wave. We attribute
a darkening in He from a region underlying the arcade to absorption by faint unresolved post-cruption loops.

Key words: Sun: aetivity — Sun: eoronal mass ejections (CMEs) — Sun: flares

Online-only material: animations, color figure

1. INTRODUCTION

Moreton waves, large-scale waves observed in Ho emanat-
tng from the sites of major solar flares, were first reported
50 years ago (Moreton 1960, 1961, 1964; Moreton & Ramscy
1960; Athay & Morcton 1961; Dodson & Hedeman 1964,
Ramsey & Smith 1966; Dodson & Hedeman 1968). Such waves
have characteristic speeds of ~1000 km s~' and tend to be di-
rectional, with angular widths typieally in the range from 60°
to 150° (Smith & Harvey 1971; Warmuth et al. 2004a; Veronig
et al, 2006), although cascs with fragmented arcs collectively
spanning larger angles have been reported (Pick ct al. 2005;
Balasubramaniam et al. 2007; Muhr et al. 2008, 2010). Fol-
lowing their diseovery, the pre-eminent research result on these
dramatic solar events was Uehida’s synthesis (Uchida 1968,
1973, 1974a, 1974b; Uchida et al. 1973) of Moreton waves and
metric type II radio bursts (Payne-Scott et al. 1947; Wild &
MeReady 1950) in terms of a flare-generated fast-mode MHD
wave. The charaeteristic down-up pattern of Moreton waves
indieates a dcpression of the ehromosphere (or lower eorona;
Balasubramaniam ct al. 2007) by a coronal shock and subse-
quent relaxation or restoration. Recently, Warmuth et al. (2004a)
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havc argued for a general synthesis of large-scale wave phenom-
ena—ineluding waves observcd in soft X-rays (Khan & Aurass
2002; Narukage ct al. 2002; Hudson et al. 2003; Warmuth et al.
2005), extreme ultra-violet (EIT or EUV waves; Neupert 1989,
Thompson et al. 1998, 1999), He1 10830 A (Vrsnak et al. 2002;
Gilbert & Holzer 2004), mierowaves (Warmuth et al. 2004a;
White & Thompson 2005), as well as Moreton waves and type 11
radio bursts, Warmuth ct al. (2004b) noted that the amplitude
decay, perturbation profile broadening, and deceleration they
observed in a sample of 12 large-scale waves were all eonsistent
with Uchida’s picture of a freely propagating fast-mode shock.
We refer the reader to Vrsnak (2005) for a general discussion of
large-scale wave terminology.

Amongst the large-seale waves, Zhukov & Auehere (2004)
have suggested two types or modes of propagating EIT distur-
banees—a true wave modc and an eruptive mode associated
with restructuring following a eoronal mass cjcction (CME).
Aspeets of this naseent bi-modal picture have been put forth by
a number of researchers (Delannée & Aulanier 1999; Delannée
2000; Bieseeker et al. 2002; Chen et al. 2002, 2005; Chen 2009,
Harra & Sterling 2003; Attrill et al. 2007, 2009; Delannéc et al.
2008; Wang ct al. 2009; Zhukov et al. 2009; Cohen et al. 2009;
Wills-Davey & Attrill 2009; Ma et al. 2009; Dai et al. 2010;
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and Yang & Chen 2010). The view that some EIT waves are
“pscudo-waves™ has prompted a reaction—several recent papcrs
based on high-eadenee STEREOQ observations (Long et al. 2008,
Veronig et al. 2008; Gopalswamy et al. 2009a; Patsourakos
& Vourlidas 2009; Patsourakos et al. 2009; Kienreich et al.
2009; Veronig et al., 2010) show that other traveling EIT distur-
banees definitely are freely propagating MHD waves.

The origin of large-scale waves has been vigorously debated
during the last decade, sparked by the observations of EIT waves
(Thompson et al. 1998, 1999) and the eoineident rekindling of
research on the nature of metric type Il bursts (Gopalswamy et al.
1998, 1999; Cliver 1999; Cliver et al. 1999). Recent reviews
have summarized the eurrent understanding:

1. Warmuth (2007): “The eauses of eoronal waves are still un-
clear. In prineiple, flares, small-seale ¢jecta, and CMEs are
viablc mechanisms for the generation of large-amplitude
disturbances, while large-scale eruptions such as CMEs
seem to be the necessary ingredient within the framework
of a magnetie reconneetion seenario. Careful multiwave-
length observations of individual events as well as statistical
studies will be needed to resolve this issue.”

2. Vr$nak & Cliver (2008): “... the existenece of CME-
generated type II bursts is not in question. It is gener-
ally aeeepted that all interplanetary (kilometric) type Ils
(Sheeley et al. 1985; Cane et al. 1987), many (if not all)
deeametrie-heetometrie type IIs (Gopalswamy et al. 2000),
and at least some metric type II bursts (c.g., Raymond ct al.
2000; Cane & Erickson 2005) are CME-gencratcd. On the
other hand, the existence of “pure” flare-generated type 11
bursts remains to be demonstrated.”

Vrsnak & Cliver (2008) proposed two lines of research, both
involving imaging observations of type II bursts, to provide
insight on thc relative importanee of flare and CME generation
mechanisms for large-scale waves. This problem may also be
addressed by investigating Moreton waves which are observed
at a much higher spatial resolution and with mueh better image
fidelity than type 1l bursts. On the other hand. Moreton waves
are only infrequently reported eompared with type II bursts, due
to both observing/reporting practiees, and their weaker signal-
to-noise ratios. For example, during solar eyele 23 (1997-2006),
only ~30 Moreton waves were reported (Warmuth 2010) versus
~1000 metrie type II bursts, and of these ~30 Moreton waves,
only the 2006 December 6 event exhibited a eontiguous span
~270°. For this event, the occurrence of a major eruption on
the approach to solar minimum rcsulted in a broad, long-lasting
wave that was relatively unimpeded by other aetive regions
(ARs) during its passage across the disk.

Recently, Temmer et al. (2009) used an analytiec model for
the 2005 January 17 eruption to deduce that the associated
Moreton wave was more likely driven by either an expanding
flare volume or by a lateral motion of the CME flanks (piston-
driven shock seenario) than by an upward motion of the CME
front (bow shoek). As Vr$nak & Cliver (2008) noted: . . . during
the impulsive phase, it is sometimes diffieult to disentangle flare
motions from CME motions, i.e., to distinguish between “flare
expansion” and “CME.” However, it is clcar that both the CME
expansion towards the high corona and the nonthermal/thermal
energy release beneath the CME are present, representing two
physically different aspeets of the eruption. ... The root of
the “flare versus CME” eontroversy lies in the MHD equation
of motion, econtaining two different terms: the Lorentz foree
(driver of the CME) and the pressure gradient (presumably
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driving the expansion of hot flare plasma). ... In both cases
thc wavc is formed by magnctoplasma motion perpendicular to
the magnetie field that eould be considered as a 3-dimensional
piston.”

In this study we explore these two possible wave
drivers—flare volume expansion and lateral CME motion—
for the 2006 December 6 Moreton wave. Despite key gaps in
coronal observations, this eruptive event was well observed in
a number of wavclengths, providing the nccessary tools to con-
strain the kinematics. Our analysis is presented in Section 2 and
the results are summarized and discussed in Section 3.

2. ANALYSIS
2.1. Data Sources

The prineipal data for this study were He (eenterline and
+0.4 A) images obtained by the prototype ISOON patrol tele-
seope (Neidig et al. 1998) located at the National Solar Ob-
scrvatory, Sacramento Peak. The ISOON telescope is a 25 em
polar axis refractor. The data consist of photometric quality
(<5% uncertainty) images at selected wavelengths in a 2048 by
2048 pixel grid, for a nominal angular resolution of 1.1 arcsec.
At present, He centerline and off-band images arc made every
minutc (with eenterline taken approximately on the minute and
red and blue following, in turn, at 3—4 s intervals), a whitc-
light image (WL) every 5 minutes, and a Het 10830 A im-
age every 10 minutes. Additional data were obtained from
the Michelson-Doppler Investigation (MDI, magnetogram;
Scherrer et al. 1995); the Global Oscillation Nctwork Group
(GONG, magnetic field changes: Harvey et al. 1988), the
Ramaty High-Energy Solar Spectroscopic Imager (RHESSI,
hard X-ray time profiles and images; Lin et al. 2002); the
Geostationary Orbiting Environmental Satellite (GOES, 1-8 A
X-ray time profile); the Transition Region and Coronal Explorer
(TRACE, images at 195 A and 1600 A; Handy et al. 1999); the
EUV Imaging Speetrometer of Hinode (EIS, images of 195 A
intcnsitics and Doppler shifts; Culhane et al. 2007); the Hinode
Solar Optieal Teleseope (SOT, Ca 1t and G-band images; Tsuneta
ctal. 2008); the STEREQ/SECCHI EUV Imager (EUVI, 171 A
and 195 A images; Howard et al. 2008, Wuelser et al. 2004);
the NRAO’s Green Bank Solar Radio Burst Spcetrometer
(GBSRBS, metrie radio spectrograms; White 2007); the Solar
Radio Speetrograph (SRS, metric radio spectrograms) of the Air
Foree’s Radio Solar Teleseope Network (RSTN); Wind Waves
(14 MHz-20 kHz spectrograms; Bougeret et al. 1995); and the
Large Angle Speetroseopie Coronagraph (LASCO; Brucckner
et al. 1995) on SOHO.

2.2. Event Overview

Figurc 1 gives an overview of the 2006 December 6 event.
The Sun was relatively elear of ARs at this time, with NOAA
AR 10930 (spot area of ~500 millionths of a hemispherc) and
NOAA 10929 (the small region to the northwest of 10930,
spotless on December 6) being the only regions in the eastern
hemisphere.

The Ho imagc in Figure 1, taken at 18:47 UT at the maximum
of the soft X-ray flare, eaptures the Moreton wave (indicated by
large white arrows) after it had propagated away from AR 10930.
The wave, which was observed with eertainty at 18:44 UT, is
most prominent to the southwest of AR 10930. The image is
scaled to enhance the visibility of the wave. The positions of
filaments disrupted (at the given times) by the passage of the
wave are indicated. A wave-induced oseillation of the large
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SOON: 2006 December 6

Figure 1. Overview of the solar eruption and Moreton wave of 2006 December 6.
The He image has been scaled to emphasize the wave. The large arrows indicate
the position of the wave at 18:47 UT. Smaller arrows indicate the positions of
filaments that were disrupted by the wave at the given times as it propagated
outward from the AR 10930.

(Animations (1a and 1b) of this figure are available in the online journal.)

filament near central meridian in the south has been discussed
in detail by Gilbert et al. (2008). The 3B flare (located SO6E63)
is the dominant feature in AR 10930.

Figure 2 contains contours of the wave front as deduced from
temporal running-difference (RD) imagcs in the red wing of Ha
from 18:43 UT until 18:51 UT. The contours are plotted on the
red-wing RD image at 18:46 UT; the fourth contour corresponds
to the displayed image. In heliographic coordinates, the contours
from 18:43 to 18:51 UT yield angular spans from ~240° to
280°. While the wave can be detected by inspeetion over this
angular span, it is important to note that the amplitude of the
disturbance was strongest in thc south/southwest. This can be
scen in the Ho centerline image in Figure 1 and in the series of
red-wing minus blue-wing (Doppler) images in Figurc 3, where
the arrow drawn at 18:46 UT points in the general direction of
the strongest part of the wavc. The strength of the wavc in four
radial directions (south (270°), southwest (315), west (0°), and
northwest (45°)) is shown) in Figurc 4. The percentage changes
are mcasured against a pre-flare base line ima§e at 18:30 UT.
The large amplitudes at distances < ~5 x 10® km arc due to
the flare.

2.3. Origin of the Moreton Wave
2.3.1. Flare Gas Pressure Pulse Driver

2.3.1.1. Kinematics. The first three contours in Figure 2
(18:43-18:45 UT) were fitted with circles (dashed lines, ovals in
projection) and the centcr of each of the three circles (“‘radiant
point™) was determined. These fits are plotted along with the
contours on the He red-wing RD image at 18:45 UT in Figure 5.
The radiant point (RP) for each contour is indicated by a color-
coded plus sign. We obtained a composite RP (X = —825 &+
13 arcsec, Y = —92 =+ 6 arcsec) by averaging thc coordinates
of the three RPs and using their scatter as an error estimate.
It must be noted that the contour at 18:43 UT is of low
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Figure 2. Position of the leading edge of the Moreton wave as delermined in
RD images in the red wing of Ha from 18:43 to 18:51 UT. The contours are
drawn on 1he red-wing RD image at 18:46 UT. The origin of the X, Y coordinate
system is at the Sun center.

confidence due to the poor contrast of the wave at that timc,
particularly to the north of thc AR. Despite this difficulty, the
RP dctermination is relatively robust, with the black rcctangle in
Figure 5 encompassing thc three RPs in the figure as well as the
two others determined from Doppler RD images at 18:44 UT
and 18:45 UT.

A plot of the averagc dcprojected distances of the wavc
leading edge contours (from red-wing RD images and Doppler
RD images) from the composite RP versus timc is given
in Figurc 6(a). The crror bars indicatc the deviation of thc
contours from the ctrcular fits. The mcan (lincar fit, dashed linc)
velocity through the plotted points from 18:43 to 18:50 UT
is ~850 km s~!'. A constant deceleration fit extrapolated
back to zero distance yields a nominal wavc launch time of
18:41:13 UT. This fit has an initial velocity of ~1125 km s~!
and a deceleration rate of 0.87 km s~2,

Figure 6(b) contains timc-intensity plots of GOES 1-8 A soft
X-rays and RHESS! 100-300 keV hard X-rays. The nominal
wave launch time of 18:41:13 UT precedes the onset of
100-300 kcV hard X-ray emission at ~18:42 UT and the
corresponding sharp increase (peak | minute derivative) in
1-8 emission betweenl8:42 and 18:43 UT (thc interval
indicated by dashed vcrtical lines). The Ha RD images in
Figure 7 (scaled to enhance the frame-to-frame changes) show
that a significant expansion of flare area occurred from 18:42
to 18:43 UT. Following the definition of Harvey (1971), this
interval is the flare “explosive phase.” the minute during which
the integrated flare intensity first increases by >25% of the peak
intensity (Figure 8(a)). Smith & Harvey (1971) showed that the
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Figure 3. Doppler images (not running-differenced) from 18:41 to 18:48 UT. The arrow in the 18:46 UT frame points in the direction of the strongest wave amplitude

(An animation of this figure is available in the online journal.)
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Figure 5. Position of the leading edge of the Moreton wave at 18:43 UT,
18:44 UT, and 18:45 UT (black lines, determined from RD images in the red
wing of Ha) plotted on a RD centerline image at 18:45 UT, corresponding to
the maximum of the Ha flare. The dashed-line circular fits (ovals in projection)
are shown for each of the thrce contours and color-coded radiant points (plus
signs) corresponding to each of the contours are shown. The black rectangle
encompasses the positions of the radiant points (RPs) and the light-blue rectangle
indicates the location of the centroid of the high-encrgy flare (FC).

(An animation of this figure is available in the online journal.)

onset of the explosive phasc agrces well with the extrapolated
origin of the Moreton wave. The high temporal resolution (3 s)
1-8 A data in Figure 8(b) show that the impulsive hcating in this
event began no earlier than 18:42 UT. In our kinematic analysis
below for the flare hypothesis, we will assume that the pressure
pulse is initiated at 18:42 UT and allow 20 s for thc acccleration
of the driving disturbance (Vr$nak & Cliver 2008). Both of
these assumptions are favorablc for the flare seenario because
they maximize the time/distance that the initiating disturbance
can propagatc once the accelcration phase ends at 18:42:20 UT.

For the pressure pulse kinematics, we assume that the wavc
originates and begins decelerating at a constant rate at the end
of the pressure pulse (1o = 18:42:20 UT). The distance (d; at
any time, ¢) to the wave is reckoned from the composite RP. The
distance do (at time t) is the termination point of the assumed
pressure pulse (do includes the pre-accclcration lateral extent
of the flaring region). Let Vy, be the velocity at ¢ For a simple
constant deceleration case, thc propagation distance is given as

d=dgp+ Vot +0.5 at’. (N

Bccause we know the speed at 18:43 UT (~1030 km s~' from
the constant deceleration fit in Figure 6(b)), assuming a value for
Vo detcrmines the average deceleration rate. Assigning Vp =
1400 km s~* (the largest such value obtained by Warmuth ct al.
2004a in their sample of 12 Moreton waves) implies a constant
deceleration (a) of —9.2 km s 2 from 18:42:20 to 18:43 UT. This
value for a is approximately four times the average deeeleration
detcrmined by Warmuth et al. for the initial wave contours of
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Figure 6. (a) Averagc deprojecied distance of the leading edgc of the wavce (as
measured in Ha red-wing and Doppler RD images) from the composite RP as a
function of time. The dashed line fit indicates an average speed of ~850kms~'.
The quadratic fit is extrapolated to zero distance to indicate a lift-off time of
18:41:13 UT. (b) Time profiles of GOES 1-8 A soft X-ray emission and RHESS!
100-300 keV hard X-ray emission. The explosive phase of the flare between
18:42 and 18:43 UT is indicated by dashed vertical lines.

the events in their sample. For the first possible appearance
of the wavc at t = 18:43 UT. d = 1.2 x 10° (Figure 6(a)).
Inserting the abovc valucs for thc parameters in Equation (1)
and solving for do yields a value 7.1 x 10* km. Because of
the uncertainty regarding the first appcaranee of the wave, we
calculated d,, for the 18:44 UT contour, using d = 1.8 x 10° km
and ¢+ = 100 s. In this ease, @ has a more reasonable value
of —4.2 km s~2 and we obtain do = 6.1 x 10* km. Both of
these dp valucs exceed the order-of-magnitude upper limit for
the pressurc pulse scale length of ~10* km (Vrinak & Cliver
2008). Moreover, it places the end point of the pressurc pulse
acceleration beyond the borders of the AR to the northwest of the
RP. For a pressure pulse of 20 s duration, beginning at 18:42 UT,
to excite a wave at 1.8 x 10° km at 18:44 UT would rcquirc the
following, relatively extreme (Warmuth ct al. 2004a; Vrinak
& Cliver 2008), parameters—pressure pulse accelcration of
100 km s~%; Vp of 2000 km s~'; and a constant deceleration
rate of —10.2 km s~>—with do = 3.1 x 10* km. The velocity
time profile for such a driver and its wave are shown by the
red line in Figure 9, with the transition from the dashed line
to the solid line marking the end of the pressure pulsc and
thc onset of the wavc. The very strong deceleration that the
wave must undergo after 18:42:20 in order to match the observed
wave spced at 18:44 UT, despite generous assumptions on the
timing/duration of thc pressurc pulsc, argucs against a pressure
pulsc driver for the Moreton wave of 2006 Dccember 6. That
said, it must bc kept in mind that the ordcr-of-magnitude upper
limits used for thc range of thc gas pressure pulse (~10* km)
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Figure 7. (a)~(f) Series of Ha RD images scalcd to enhancce flarc brightening showing the development ol the 3B flare Irom onset at 18:32 to its explosive phasce [rom
18:42 10 18:43 UT. Frame (e) shows the extension of the flare to the northwest (white arrows) at 18:42 UT and frame (f) shows the sudden expansion of flare area and
brightness in the principal part of the flare at 18:43 UT that characterizes the explosive phase

and the peak acceleration rate (~100 km s~2) are not observed
quantities, but estimates.

2.3.1.2. Spatial Relation of the Radiant Point and the Flare
Center. 1f a gas pressure pulsc (flare blast) was thc source of
the wave on 2006 December 6 we might cxpect the centroids
of energetic flare emissions, magnetic energy conversion, or
impulsive flare dynamics to be located close to the RP of the
wave. We compare the spatial relationship of the composite
RP to these various signatures in Figure S. The light-blue
rectangle centered at (—854",—120") in this figurec encompasses
the centroids of the following flare signatures: (1) RHESS!
X-ray emission (mean position of (—853",—122") based on
6-12 keV (—855", —117") and 100-300 keV (—850", —126")),
(2) WL emission (mean position of (—856", —116") based
on the brightest ISOON WL emission (—854", —118"; single
observation at 18:45 UT) and Hinode G-band emission (—858",

114"; 18:43.6 UT))'*; (3) magnetic foree change (mean
position of (—847", —122") based on downward (—841",
—129", 9.1 x 10! dyn) and upward (—853", —116"; 1.4 x
10% dyn)) force changes inferred from GONG magnetic field
measurements between 18:40 and 18:44 UT)'; and (4) origin

13 Following the work of Hudson et al. (1992) using Yohkoh SXT. Isobe et al.
(2007) and Wang (2009) have used photospheric G-band emission observed by
Hinode as a proxy for WL emission.

4 The total unsigned force change from 18:30 to 18:44 UT (~2 x 1022 dyn)
was the largest yet inlerred during a solar flare from GONG ficld change
measurements (Petrie & Sudol 2010). The centroid of the 18:30-18:40 UT
force changes (—842, —109) was located somewhat closer to the radiant point
than to the flare eenter.

of an cjection (spray emanating from (—-860",—120") with a
projected speed of ~550 km s~! observed by TRACE at 1600 A
(see animation la associated with Figure | in the online version)
from ~18:42:30 to 18:43 UT). While the positions of thec wave
RP (black rectangle) and “flare center’” (light-blue rectangle) in
Figure 5 do not overlap, the significance of the scparation is less
than 26 (5.0 (£2.7) x 10* km). As a result this test does not
provide a strong argument cither for or against the {lare driver.

2.3.2. CME Driver

2.3.2.1. Evidence for a CME. Following an extended data
gap that began on Deccember 4, the LASCO coronagraph
resumed taking images at 20:12 UT on December 6.7 An
RD image at 20:24 UT shows CME remnants, principally in
the southeast, of a halo CME. Indircct evidence for a CME is
provided by the associated intense (X6.5) soft X-ray event, an
interplanetary (IP; 16 MHz-30 kHz) type II burst beginnin
at 19:00 UT (http://lcp694.gsfc.nasa.gov/waves/waves.himl),'
and an cnhanccment of > 100 McV protons observed by GOES
late on December 6. Yashiro ct al. (2005) reported that all flares
>X3 during 1996-2004 were associated with CMEs and it is
generally accepted, following Cane et al. (1987), that all 1P

15 A eorresponding EIT data gap lasted until late on Deeember 7

16 Curiously, given the close implicd/observed association between Moreton
waves and type 1l bursts (Uchida 1974a, 1974b; Smith & Harvey 1971; Harvey
et al. 1974; Warmuth et al. 2004a), the Sagamore Hill (RSTN SRS) 180-25
MHz and Green Bank (GBSRBS) 70- 10 MHz (sweep-frequeney) speetra show
no evidence for a type 11 burst, although wc cannot rule out the presence of
such a burst under bright flare continuum observed from ~18:44 t0 19:02 UT.
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Figure 8. (a) Normalized Ho 1ntensity of the 3B flare on 2006 Deccmber 6 as
a function of time. The arrows indicate the explosive phase of the flare from
18:42 to 18:43 UT. (b) Top panel: high-time resolution (3 s) time profile of the
1-8 A flare ohserved by GOES. Bottom panel: the derivative of the intensity. The
dashed vertical line indicates the carliest possihle onset of the flare impulsive/
explosive phase. The noise in the derivalive on either side of the data gap appears
to be an artifact related to a variable averaging period (multiples of 3 s) for these
times.

type II bursts are driven by CMEs. Finally, large solar cnergetic
particle (SEP) cvents are thought to result from CME-driven
shock waves (e.g., Kahler ct al. 1984, Cliver et al. 2004a).

2.3.2.2. Kinematics. What constraints do the observations
placc on the CME hypothesis? The first defimte appearance of
the Moreton wave at 18:44 UT is nominally consistent with
a CME driver, because the wave onset falls within the time
period from 18:42 to 18:47 UT bounded by the onset of the
fast rise phase (first 1 minute flux derivative >2; Cliver et al.
2004b) and the maximum of the soft X-ray burst (Figure 6(b)).
This interval gencrally, though not always (Marici¢ et al. 2007),
corresponds to the rapid acceleration phase of the CME in
cruptive flares (Zhang et al. 2001; sce also Temmer et al. 2008
for a complementary analysis based on hard X-ray bursts).

For the 2006 December cvent, we are able to bring a new
kind of evidencc to bear on thc main acceleration phasc of
the CME. Following Sudol & Harvey (2005), Petrie & Sudol
(2010) used 1 minute GONG magnetograms to characterize
changes in the photospheric longitudinal magnetic field for a
sample of ~80 M- and X-class flares from 2001 to 2007. This
sample included the 2006 December 6 flare that exhibited one
of the largest field changes (~445 G) they observed. The time
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Figure 9. Time profiles of the modeled lateral velocities of the flare pressure
pulse and wave (red solid/dashed line) and CME lateral expansion and wave
(black solid/dashed line).

(A color version of this figure is available in the online journal.)

variation of the Lorentz force applied to the photosphere in
this event (obtained via a calculation first given in Anwar ct al.
1993, and subsequently used by Hudson et al. 2008), is given
in Figure 10. Since these force changes (amounting to ~2 x
10%? dyn) result from a change in the coronal magnetic fields, we
assume that they are a reflection of the cataclysmic arrangement
of fields manifested by the CME launch. Specifically, we make
the assumption that the peak in the net force time profile from
18:40 to 18:44 UT corresponds 10 the main acceleration phase
of the CME.

To investigate the possibility that the CME drove the Moreton
wave in this event, we assume that the CME accclerated laterally
at an average rate of 4.5 km s~2 from 18:40 to 18:44 UT (after
which the CME begins its coasting or slow deecleration phase).
This is a strong acceleration but comparablc to the average
vertical ratc of ~4.5 km s~ reported by Zhang & Dcre (2006)
for the X9.4 cvent on 1997 November 6.7 This rate is also
comparablc to the 4.8 km s~2 rate (maintaincd for 2.7 minutes)
assumed by Temmcr et al. (2009) to modcl the Morcton wave
associated with an X3.8 flare on 2005 January 17. Substituting
into Equation (1) then yields d ~ 1.3 x 10° km. Most of
the remaining distance to the leading cdge of the wavc to the
northwest at 18:44 UT (~1.8 x 10° km) is accounted for by
the ~3.5 x 10% km distance between the RP and the border
of the AR in this dircction, assuming that the region erupts to
form the CME. One possibility for the remaining ~1.5 x 10* km
might be lateral expansion of the CME souree (arcade swelling)
during the CME initiation phase, in association with the rise in
soft X-ray emission (Figure 6(b)) from ~18:30 to 18:40 UT'®
and the accompanying change in the magnetic field (Figure 10).
Zhang et al. (2001) found that such X-ray precursors were
accompanicd by a slow ascension (<80 km s™') of CMEs. For
the above assumptions, the CME horizontal speed at 18:44 UT

17 Lateral expansion at a rate ~5 km s~ during 2.3 minules was observed for
the 1997 November 6 eveni (sce Figure 14 in Cliver et al. 2004b)

18 Earlier increases on an overall rising profile began at ~17:45 UT and

18:05 UT.
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is 1080 km s~', somewhat above the ~980 km s~ at this time
obtained from the constant deceleration fit for the Moreton wave
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is given in Figurc 9 for comparison with that of the pressurc
pulse driver. An altcrnatc possibility is that thc CME aceelerates
at 5.5 km s~ for 3 minutes (from 18:40 to 18:43 UT) and then
the wave decclerates at the observed rate of —0.87 km s~2
thereaftcr. This provides a better velocity fit at 18:44 UT than
for thc CME casc dcpicted in Figurc 9 and removcs the need to
invoke prc-eruption swelling of the arcade. Or wc could extend
the highcr rate of lateral CME acccleration through 18:44 UT to
account for the fact that the leading edge of the shock wave in
the corona leads the chromospheric “hem of the swceping skirt”
(e.g., Vr¥nak ct al. 2002; Warmuth 2007). We note that thc
5.5 km s~2 accelcration rate will also accommodate the carlicr
wave onsct at 18:43 UT. Sincc we lack CME observations in the
low corona, the velocity profile in Figure 9 is illustrative rathcr
than compelling. Nonetheless, the assumptions for driver timing
and the acceleration rate seem reasonable and the resultant
velocity profile appears more natural than is the case for the
gas pressure pulse.

2.3.2.3. Spatial Relationship of the Wave to the Flare and
CME Source. An Ha image of AR 10930 made at 18:30 UT,
taken shortly before the reported flare onsct, and the closest
available MDI magnetogram (17:39 UT) are given in Fig-
ures 11(a) and (b), respectively. In this figure, we have in-
dicated (with a white dashcd oval) an “arm” of ncgative po-
larity with its “shoulder” rootcd to thc northcrn portion of
the principal part of AR 10930 and cxtending to the south-
west before turning further toward thc south at the “clbow.”
We highlight this feature because it marks the approximate
north and westward boundary of an arcade of loops (scen in
TRACE 195 A images). We postulate that this arcade crupted
to drive the wave via a coronal shock. Thc arcade has its cast-
ern boundary in the positive polarity fields in the main part
of the region. F| and F> denote two narrow filaments, tracing
the magnctic ncutral line in AR 10930, that arc connccted at
the shoulder of the arm. F; threads the strong complcex field to

SOHO/MDI
17:39:G1U7

—-1000 -800 —-800 -700 -800 -500
X (arcsecs)

Figure 11. (a) Ha image of AR 10930 at 18:30 UT. An “arm" of faint plage emission corresponding to a ridge of negative polarity in the westem part of the AR is
outlined with a white dashed oval. The “shoulder” (S) and “elbow" (E) of the arm of negative polarity are marked by arrows as are two narrow filaments (F| and F3).
The black dashed oval outlines the principal part of the AR and the location of the main flare. (b) The MDI magnetogram at 17:39 UT.
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Figure 12. TRACE image at 08:01 UT showing the western arcade that we
link to the Moreton wave (white arrows) and the eastern arcade associated with
the main flare (black arrows). The elbow (E) of the negative polarity “arm” is
indicated. The wave contours (thin red lines) al 18:43 UT and 18:44 UT are
adjusted to take solar rotation into account. The X-coordinates have been shifted
to correspond to the time of the waves.

the east of the arm (black dashed oval) corresponding to the sitc
of the principal flare in this event. F, separates the northern part
of the arm from the main part of the AR. F, and F, are separated
by a region of positive polarity and arc mentioned here as trac-
ers of the large-scalc chromospheric neutral line. The ejection
observed at 1600 A by TRACE indicates the eruption of F; (sce
animation la associatcd with Figure 1 in thc onlinc version)
but F; remains intact during the flare impulsive phase and is
apparent in He images at ~19:00 UT,

The arcade of loops to the west of AR 10930 is indicated by
white arrows in the TRACE 195 A background image 08:01 UT
(Figure 12), The arcade associated with the main flaring region
to the east of the AR is marked by black arrows. A TRACE
195 A data gap extends from 09:48 UT on December 6 until
01:18 UT on December 12. We assume that the loops shown
at 08:01 UT do not change substantially prior to the X6.5 flarc
(early EUVI images show that this assumption holds until at
least ~17:00 UT). The thin red lines trace the leading edge of
the wave at 18:43 UT and 18:44 UT.

The ISOON He1 10830 A image at 18:59 UT in Figure 13
allows us to identify the footprint of the western 195 A arcade. It
takes into account any possible cvolution of the arcade betwcen
08:01 UT and the X6.5 flare. In Figure 13, the white-dotted line
traces the dark 10830 A flare ribbons (see Harvey & Recely
1984) for the southern part of the arcade. The wave contours at
18:43 UT 18:44 UT are also drawn in the figure. The He1 flare
ribbons show reasonable agreement with the wave contour in
the south at 18:44 UT, corresponding to the first unambiguous
appearance of the wave in centerline Ha. The white arrow in
Figure 13 points in thc direction of maximum wave amplitude
(see Figures 3 and 4).

The Ha flare began at 18:32 UT and evolved as a series of
bright points until 18:41 UT in the strong complex field in the
cast of the region (Figures 7(a)—(d); all images scaled to cnhance
wavc visibility). At 18:42 UT, a more widesprcad brightening
in the eastern part of the AR was accompanied by flaring in the
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Figure 13. A 10830 A image of AR 10930 at 18:59 UT showing dark flare
ribbons marking 1he footprint of the western arcade tn 1he south (traced by
white dolled line) and the wave leading edge at 18:43 and 18:44 UT (solid red
lines). The arrow points in the direction in which the wave was initially strongest
in centerline He images

arm above the clbow (indicated by whitc arrows: Figurc 7(c)).
From 18:42 to 18:43 UT (Figures 7(e)—(f)). there is a dramatic
increase in flare area and brightness in the strong magnetic ficlds
in the east (black dashed oval in Figure 11).

The Ha centerline RD images in panels (a)—(c) in Figurc 14
shows the advance of the leading edge of the Moreton wavc
from 18:43 to 18:45 UT as detcrmined from thesc images (thick
red lines). Pancls (d)—~(f) show the corresponding red-wing RD
images and wavc contours (thin red lincs). Both of these sets
of images are scaled to enhance the visibility of the wave. The
Hc 110830 A ribbons, tracing the footprint of the 195 A arcade,
are shown by a dotted black line in frames (a)—(f). At 18:43 UT
(Figure 14(a)), the wave was not obscrved in thc Ha centerline
image. As can be seen in thc Doppler image at 18:43 UT in
Figure 3, the wave, or “propagating disturbance” as we prefer
to call it at this stage of its development, lacks a well-defincd
leading edge outside of the confines of the AR, although features
within thc AR appcar in sharp relicf. Thus in Figure 14(d). the
Icading edge of thc disturbancc in the south cuts across the
arcade of loops. The wave makes its first appearance in a2 Ha
centerline image at 18:44 UT (Figure 14(b)), as a short arc near
the northeast edge of the arcade. Also in this image we begin
to see an extension of the flare ribbon south of the elbow. In
Figurc 14(c), the leading edge of the red-wing wave at 18:44 UT
is roughly aligned with the footprint of the 195 A arcade
in thc south. Note that the principal darkening in this imagc
remains inside the confines of the AR. To the north and west the
wave extends beyond AR 10930, while avoiding AR 10929 by
passing through either side of it (thc “indent™ in the contour).
At 18:45 UT (Figure 14(c)), the western “arm™ brightens from
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Figure 14, (a)<(c) Running-differenced Ha centerline images a1 18:43 UT, 18:44 UT, and 18:45 UT, respectively. The thick solid red lines show the wave leading
edge as determined in these images. The dotted black linc shows the footprint of the western arcade as delineated in the He1 10830 A line. In (c), the white (black)
arrows point 1o negative (positive) polarity magnetic fields. (d)~(f) Same as (a}c) but for RD red-wing images and wave contours. In these frames. the leading edge
of the wave is traced by a thin solid red line. For both series (centerline and red-wing), the images have been scaled to increase the visibility of the wave.

the shoulder southward along the negative polarity ridge (whitc
arrows). This brightening is accompanied by an inerease in
area in the western part of the main fiare in regions of positive
polarity (black arrows). In images that are not “ovcrexposed,”
the flare brightening above the elbow at 18:45 UT occurs slightly
north of the ribbon that first appeared at 18:42 UT, suggesting
the expansion of flare ribbons as higher loops reconnect. In
Figurc 14(c), we scc that the arc of the wave near the southeast
tip of the arcade at 18:44 UT has strengthcned and is now
accompanied by a similar arc off the western flank of the arcade.
These arcs appear to be pivoting about a point at the tip of the
arcade. We speculate that the smaller arc between them to the
south results from their overlap and reinforeement.

The various brightenings from 18:32 to 18:45 UT (Figures 7
and 14) indicatc a three-ribbon flare (or, equivalently, two
adjacent two-ribbon flares with a shared ribbon). The main
flare is located in the eastern part of AR 10930 (strong field
rcgion; dashed black oval in Figure 11). The secondary flare
links the positive polarity ribbon of the main flarc (black arrows
in Figure 14(c)) with the ncgative polarity arm (white arrows)
west of the region. This picture is independently substantiated
by a serics of Ca1t (H-line) filtergrams from Hinode SOT (not
shown here).

To reiterate, the eruption traced by the western two-ribbon
flarc began in the northern part of AR 10930. At 18:43 UT only
the part of the arm above the elbow was involved (Figure 7(b)).

The extension of flare brightening below the clbow occurred
from 18:44 to 18:45 UT (Figures 14(b) and (¢)). The evolution of
the Moreton wave mimics the north-to-south development of the
cruption, The first appcarance of a distinct wavce front detached
from thc AR oceurs in the northwest at 18:44 UT (Figurcs 3
and 14(e)). A discrete, separated Icading edgc is not apparent in
the south until 18:45 UT (Figures 3 and 14(c) and (f)).

An mpeg animation showing the development of the cruptive
flare and the Moreton wave from 18:30 to 18:50 UT is avail-
able in thc onlinc version (sec animation lb associated with
Figure 1). This animation shows the merging and coalescence of
the two arcs on the flanks of the western arcadc at 18:45 UT into
the single well-defined wave front seen in Figure 1 at 18:47 UT.

We believe that the various observations summarized in
animation 1b are best understood if the contour at 18:43 UT
in Figures 2, 5, and 12-14 is viewed as a tracer of the wave (or
its progenitor) in the north and west, and of the arcadc cruption
in the south. The contours at 18:43 UT and 18:44 UT drawn on
the 195 A image in Figure 12 and on the He1 10830 A imagc
in Figure 13 suggest that the eruption is proceeding southward
along the western arcade. We suggest that the arcade expands
laterally as it erupts. driving a wave off its flanks. Such cruption
is supportcd by the Ha brightening along the western arm (and
on the shared nbbon of the main flare) at 18:44—18:45 UT. This
delayed phase of Ha brightening is accompanicd by a secondary
peak in > 100 keV emission (Figure 6(b)).
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Figure 15. (a) Ho centerline image at 18:50 UT with the Ha darkening region traced in white. (b) The time intensity plot shows the Ha darkening 1n this region
following the eruptive fiare. (c) A cartoon taken from Neidig et al. (1997) to illustrate the cause of the darkening—absorption by faint out-lying unresolved post-eruption
loops in a weak field region adjacent to the main flare. Note that the magnetie polarities in this figure do not match those for the 2006 December 6 event. They could
be easily modified to do so but we show the figure of Neidig ct al. (1997) unaltered because of its remarkable resemblance to the 2006 event.

2.3.2.4. Ha Darkening in the Western Arcade. In Figures 15(a)
and (b), we show that a portion of AR 10930 betwcen thc rib-
bons of thc western flarc underwent an unusual darkening in
He following the eruption.'? Neidig et al. (1997) have previ-
ously reported such dimming in ‘magnetically neutral’ regions
lying outside but adjacent to bright flare emission. Their descrip-
tion of these darkening regions as being “bordcrcd by ridges of
oppositely-poled field, where one border is shared in common
with a flare ribbon,” applies to the region indicated in Fig-
ure 15(a) in the western arcade in thc 2006 Decembcer 6 cvent.
Neidig et al. found that, “Simplc models for post-flare loops
incorporating the results of statistical equilibrium calculations
readily demonstrate that darkenings of several percent (con-
sistent with our photomctric measurements) can be produced
by loop structures of cross-sectional diameter ~10% km (unrc-
solved by patrol instruments) and containing gas at densities 5
x 1019-5 x 10'" ¢cm~2 and temperatures 8000—15000 K.” The
EIS Intensity and Doppler images from Hinode for the 2006 Dc-
cember 6 event arc given in Figures 16(a) and (b), respectively,
where it can be seen that a system of faint loops do indced ovcrlic
the western arcadc (see Figure 12 for a view of the pre-cruption
loops). In Figure 16, we have traced (white contour) the He dim-
ming rcgion from Figure 15(a). The redshiftcd material along
and at the footpoints of the overarching ficldlincs is a character-
istic feature of post-eruption loops as 1s the blucshifted matcrial
lying beyond the footpoints that represents outflow from erupted
loops that have yet to reconnect (Czaykowska et al. 1999). One
version of the cartoon Neidig et al. (1997) used to explain the
Hea darkening they observed (reproduccd here as Figure 15(c))
could be applied with little modification to the 2006 December 6
event.

2.3.2.5. A Role for the Eastern Arcade in Generating the
Moreton Wave? Here we consider the possibility that the

!9 We tested three other regions on the periphery of 10930 and in each case
found no extended dimming below the pre-event level as observed in
Figure 16(b).
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Figure 16. finode EIS scan images of AR 10930 showing (a) log intensity at
195 A; and (b) Doppler velocity (km s~'). The times at the top of the figure
give the start, mid-point, and end of the sean period. The white contours mark
the position of the Ha dimming region in Figure 15(a).

Moreton wave was driven not by the eruption of the westcrn
arcade but by the lobe of thc CME (Figure 15(c)) that originated
in the strong complex fields associated with the main flare in
the east of AR 10930. Could expansion of this lobe of the
CME have “overpowcred” the part of the eruption associated
with the western arcade and driven the strong wave to the
southwest? This supposition. consistent with the “big flarc/
CME syndrome™ (Kahlcr 1982). is contradicted by the eastward
movcment (toward thc arcade of the main flare) of the eastern
flank of the Moreton wavc (or its progenitor) from 18:43 to
18:45 UT (Figures 14 and 16). There is, however. another
way that eruption of the main arcade may have contributed
to the wave. The strong blucshifted region near the “shoulder”
in Figure 16(b), which originates in a weak negative polarity
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rcgion (Figure 11(b) suggests a transient coronal holc; Harra
et al. 2007; Imada ct al. 2007), plausibly the footpoint of a
flux rope threading the main part of the AR. Mubhr et al. (2010)
recently reported a Moreton wave eventin which it appeared that
two scparate wave ignition ccnters corresponded to footpoints
of a coronal flux rope. For the 2006 December 6 event then,
flux rope cruption of the eastern arcade could account for the
northcrn part of the Moreton wave and may also have triggered
the eruption of the western arcade to which wc attributc the
wave in thc southwest.

3. CONCLUSION
3.1. Summary and Interpretation

The Morcton wave on 2006 Dccember 6 spanncd ~270° in
azimuth and was observed directly for ~10 minutes as it propa-
gated at a specd of ~850 km s~ across the solar disk, reaching
distances of ~5 x 10° km from the parent AR. While thc wavc
itself was well observed, investigation of the wave driver was
hampcred by the virtual absence of CME and coronal images.
Nonetheless, kinematic analysis of this event favors a picture in
which thc wavec is driven by the eruption of a CME rather than
by a sudden expansion of flare volume due to explosive heating.
The flare scenario requires a strong early wave deceleration to
match the observed wave speed. Wc infer a CME acccleration
ratc consistent with that of other large events by assuming that
an interval of strong impulsive magnctic field changc observed
near the rapid rise of the flare (Petrie & Sudol 2010) corresponds
to the main acceleration phase of the CME. The following lines
of evidence link a magnetic arcade overlying a region of wcak
ficld on thc western periphery of AR 10930 and the Moreton
wave: (1) the north-to-south evolution of both the eruption in
the western arcade and the wave (Figure 14); (2) thc conformity
of the disturbance contour at 18:44 UT with the southemn tip
of the 195 A arcade (Figure 12); (3) the alignment of thc He1
10830 flare ribbons (and the overlying arcade) with the south-
west direction of the wave (Figures 3, 4, 13, 14(c) and (f)); and
(4) the coaleseence of two separate wave fronts, each identified
with a flank ol the arcade, to form a contiguous Moreton wave
(Figures 1, 14(c) and ()); see also animation 1ain the online ver-
sion). Ha foot point brightcnings, bluc shifts at the foot points
of the 195 A arcade, Hc 1 10830 A flare ribbons, and a darkening
of the chromosphere undcr the arcade (attributed to absorption
by post-cruption Her loops; Neidig et al. 1997) indicate that the
western arcade erupted to drive the wave. The two-ribbon Ho
flare resulting from this eruption had one ribbon in common
with the main part of the flare in the eastcrn part of the AR.

The simplest interpretation of the data for this event is that
thc magnetic arcade to the west and south of the main flaring
rcgion crupted to form a CME that drove the shock responsible
for the Morcton wave as it expanded laterally. Dere et al. (1997)
and Zhang et al. (2001) presented early evidence for lateral
cxpansion of CMEs in the low corona. The cartoon in Figure 17
shows the eruptive flare model (e.g., Figure 3 in Forbes 2000),
with a Moreton wave added. Once the lateral expansion of the
CME stops, both the coronal shock and the associated Moreton
wave propagate freely. As seen in Figures 3, 4, and 6(a), the
dcccleration, broadening, and damping characteristic of freely
propagating waves (Warmuth et al. 2004b) were all observed.”

Our speculation equating the interval of strong field changes
with the main phase of CME acceleration (Section 2.3.2.2;

20 The propagation characteristics of 1he 2006 December 6 event will be
presented elsewhere.
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Moreton Wave

Hao Flare

Figure 17. Cartoon showing our conception of how the expanding flank of
a CME drives a shock wave lalerally across the solar surface. Following the
Uchida’s (1968) model. the “sweeping skirt” of the radio type 11 coronat shock
gives rise to a Moreton wave.

Figurc 10) will need to be verified using events simultancously
observed with a magnetograph and a coronagraph. It scems
reasonable, however, since it closely parallels the finding of
Zhang et al. (2001) that the impulsive accelcration phasc of
CMEs coineides well with the soft X-ray flare rise phasc.
In this case, however, the connection to the magnetic field.
generally assumed to be the source of free energy for solar
activity, is more dircct. This suggcestion also finds support from
arecent paper by Temmer et al. (2010) which comparcs RHESS/
X-ray profiles with STEREO observations of CMEs for thrcc
fast eruptions in 2007-2008. In each case, they showed that
the onset of the main phase of CME acceleration preccded the
impulsive rise of the RHESSI > 20 keV profile by a minute or
morc, as was the case for the 2006 Dccember 6 cvent. Similarly,
Marici¢ et al. (2007), using soft X-ray observations, found that
the majority of the 22 cascs they considered, the main phase of
CME acceleration preceded the principal rise in 1-8 A emission.
Additional support for a CME driver can be inferrcd from
Temmer et al. (2010) who noted that high cadence ultraviolct
and coronagraph data permittcd determinations of pcak CME
accelerations as high as ~5 km s~? at altitudes much lower
(£0.4 Rg) than previously assumed.

It is rcmarkable that the most dynamic aspect of the 2006
Dccember 6 cruption appears to have been associated with a
region of relatively weak underlying magnetic field adjacent to
the principal part of AR 10930 and thc 3B/X6.5 flare. Such
behavior has been previously reported for Moreton waves. We
notc that 2 of the 12 wavcs analyzed by Warmuth ct al. (2004b),
labeled 9 and 12, formed around weak flare brightenings that
were removed from main flare. We infer that in such events,
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instabilities in strong field regions destabilize nearby arcades
that are weakly bounded, resulting in fast CMEs capable
of driving large-scale waves. Analogous behavior in which
cruptions involve structures located outside of strong/complex
fields and their associated flares oceurs for CMEs originating in
transequatorial loops. Such events have been reported by Khan
& Hudson (2002) and Balasubramaniam et al. (2005).

3.2. Growing Evidence for CME Drivers of Large-scale Waves

Solar flares have been reported regularly since the establish-
ment of the world wide flare patrol in 1934, Solar Moreton
waves were discovered 25 years later in 1959 (Moreton 1960)
and another 15 years would pass before the first journal arti-
cle on a CME (or coronal transicnt as they were then called)
observed from space appeared (Koomen et al. 1974). Given
the close temporal and spatial relationship between flares and
Moreton waves, it is not surprising that the default paradigm for
the origin of Morcton waves (at least up to a decade ago) is that
they result from the sudden release of energy during a fiare. This
long-standing advantage for a flare driver was rendered moot,
however, by improved observations of CMEs. In a key study,
Zhang et al. (2001) used C1 (occulting disk at 1.1 Rg) coron-
agraph data from LASCO to show that the rapid rise of flare
soft X-ray emission CME coincided with the main aceeleration
phase of the CME. Zhang et al. (2004) subsequently showed
that CMEs could arise in a compact source region, on an AR
size scale. Cliver et al. (2004b) applied thesc findings to a se-
rics of six type II bursts observed in 1997 November that had
been previously attributed to explosive flare heating and found
in each case evidence as consistent with a CME origin as with
a flare origin.

While the above studies put flare and CME drivers of waves
on an equal footing, several recent papers have provided more
direct support for CME drivers for large-scale waves. The
UltraViolet Coronagraph Spectrometer (UVCS; Kohl et al.
1995) on SOHO has provided strong evidence for CME drivers.
Five separate UVCS cases (Raymond et al. 2000; Mancuso
et al. 2002; Ciaravella ct al. 2005; Mancuso & Avetta 2008;
Mancuso & Bemporad 2009) have been reported where a shock,
temporally associated with a type II burst, was observed via
broadening and intensity changes of UV emission lines in
front of a CME. Ontiveros & Vourlidas (2009) identified faint,
rclatively sharp shock fronts ahead of bright CME fronts in
LASCO observations for 13 of 15 fast (> 1500 km s~') CMEs.
Liu et al. (2009) used high-cadence coronagraph obscrvations
from STEREQO/SECCHI to associate a CME-driven streamer
deflection with a metric type 11 burst that was subsequently
observed in the decametric-hectometric range by STEREO/
Waves (Bougeret et al. 2008). Gopalswamy et al. (2009b)
used SECCHI observations of the low corona to determine the
position of the leading edge of CMEs at the onset of type IT bursts
observed from 2007 January to 2008 February. The typical
height of ~1.5 Ry they deduced corresponds to the height at
which the corona has a minimum Alfvén speed, consistent with
a CME driver of type Il shocks. Veronig et al. (2008) used
SECCHI observations to suggest that an EUV wave on 2007
May 19 was a fast-mode wave initially driven by the expanding
flanks of a CME. The associated GOES B9.5 flare peaked too
late to account for wave initiation.

In other recent studies on wave origins, Patsourakos &
Vourlidas (2009) and Kienreich et al. (2009) attributed a
wave observed by SECCHI/EUVI that was associated with a
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B2.3 flare to a CME observed by the SECCHI/CORI1 (inner)
coronagraph. In each of these cases, the authors argued that
the EUV wave was a true fast-mode MHD wave rather than a
“footprint” or a low coronal extension of a CME. Patsourakos
et al. (2009) used high-cadence EUVI 171 A images and COR|1
(Thompson et al. 2003) observations to associate an EUV wave
with expanding loops (that evolved into a CME). The EUV
wave was associated with a B1.4 flare. Patsourakos et al.
noted that “The wave first appears at the AR [active region]
periphery when an abrupt jump of the expanding loops occurs
within an interval of 2.5 minutes and before the first flare
signature.” In a study involving a Moreton wave, Muhr et al.
(2010) inferred separate ignition centers on opposite sides of the
responsible AR for the energetic (X17) event on 2003 October
28. They interpreted this behavior in terms of an event driven
by expansion of the ends of an erupting flux rope rather than
in terms of explosive heating by the flare. A similar event was
reported by Balasubramaniam et al. (2007) for the same AR,
on 2003 October 29. Both Muhr et al. (2010) and Veronig et al.
(2008) used timing reclationships similar to that in Figure 6
(with wave onset in each case preceding the peak of hard X-ray
emission by ~0.5 minutes) to argue against flarc drivers in the
waves they investigated. In fact, in the 2003 October 28 event,
the Moreton wave is observed prior to any significant increase
in >150 keV emission (Figure 8 in Muhr et al. 2010).

There are four recent results, all based on pre-STEREO data,
that are somewhat discordant with the studies listed above.
Magdaleni¢ et al. (2008) used radio images and EIT and LASCO
C1 and C2 observations to show that the main CME acceleration
phase in an event on 1996 December 24 lagged behind a
type II burst that occurred close to the peak of a C2.1 flare.
They concluded that the type II shock wave was ignited by the
impulsive release of flare energy. Narukage et al. (2008) reported
anunprecedented occurrence of three successive Moreton waves
inassociation with a single M-class flare on 2005 August 3. They
linked each of the three Moreton waves to a separate filament
eruption and hypothesized that the filaments. rather than any
associated CME (onc was observed), drove the waves. From an
analysis of a type II burst consisting of three separate cmission
patches on 1999 October 26, Kim et al. (2009) suggested that
the first patch was due to a coronal shock generated by an X-ray
plasma ejection while the two later patches werc driven by a
CME flank interacting with a high-dcnsity streamer. However,
internal parts of a CME such as filament eruptions and flare
ejecta are unlikely candidates to drive Moreton waves, because
they are moving slower than the CME in which they arc encased
(Cliver 1999). Finally, Warmuth (2010) has discussed Morcton
waves of 2003 November 3 (Vrinak et al. 2006; cf. Dauphin
ct al. 2006) and 1998 August 19 in which the CME flank
was initially observed to be propagating ahead of the wave.
Warmuth concluded that “The observations are still consistent
with a flare-generated pressure pulse or with a perturbation that
is only initially driven—by a CME, structures within a CME or
small-scale ejecta—and then continues as a freely-propagating
wave shock.”

Recent statistical studies provide indirect support for CME
drivers of large-scale waves, by arguing against flarc drivers.
Chen (2006) and Gopalswamy ct al. (2008) examined samples of
energetic (M- and X-class) flares that lacked CME:s for evidenee
of associated EIT waves and type II bursts, respectively.). Such
flares should have strong pressure pulses in their loops and
would thus be good candidates to give rise to large-scale waves



600 BALASUBRAMANIAM ET AL.

under the flare hypothesis, but none of the 26 independent cases
(13 X-elass and 13 M-elass) had such associated waves. These
results indieate that a pressure pulse, in itself, is an insufficient
condition for wave formation. These two studies complement
the work of Cliver et al. (2005) whieh found that ~40% of
“high-quality” EIT waves observed from 1997 March to 1998
June were associated with small solar flares below C-elass.
The probability of a B-elass flare being assoeciated with an
EIT wave during this period was ~1%, implying the need
for a speeial eondition (Roberts 1959; Cliver et al. 1999) for
wave association. Following Biesecker et al. (2002) who found
a strong association between EIT waves and CMEs, Cliver
et al. (2005) coneluded that the essential ingredient for wave
formation was a CME.

To summarize, given

1. the well-documented examples of association of large-seale
waves with B-elass eruptive flares and the absenee of such
waves for M- and X-elass flares that lack CMEs;

2. the recent eases listed above in which high-eadence obser-
vations from SECCHI were used to link type II bursts and
EUV waves to CME drivers, and

3. the evidence presented here, and by Muhr et al. (2010),
for CME drivers of Moreton waves assoeiated with intense
flares,

we conelude that CMEs are the dominant, if not sole, drivers of
large-scale waves.
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